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Research Highlight
The increase in anthropogenic CO2 explains about half of the observed
warming over the past 150 years and cannot satisfactorily explain the
geographic variation in the warming. Of all the key uncertainties on climate
forcing, the indirect effect of aerosols on clouds and radiation ranks at the
top (IPCC 2007). Ice nuclei (IN), a class of aerosols, can significantly affect
clouds and radiation. Their effect has not yet been put onto the famous
IPCC radiative forcing bar chart. Here, it is quantified using Tropical Rainfall
Measuring Mission (TRMM) data, field observations, and cloud-resolving
model (CRM) simulations.

Since the IN effect is relatively strong in stratiform clouds but weak in
convective ones, the overall effect depends on the ratio of stratiform to
convective cloud amount. Hence, 10 years of TRMM satellite data are
analyzed to confirm that stratiform precipitation fraction increases with
increasing latitude, which implies that the IN effect is stronger at higher
latitudes. To quantitatively evaluate the IN effect versus latitude, large-scale
forcing data from ten field campaigns (including the Southern Great Plains
[SGP] and Tropical Warm Pool-International Cloud Experiment [TWP-ICE])
are used to drive a CRM to generate long-term cloud simulations (Fig. 1). As
revealed in the simulations, the increase in radiative forcing from doubling
the current IN concentrations is larger at higher latitude (Fig. 2), which is
attributed to the meridional tendency in the stratiform precipitation fraction.

Surface warming from doubling the IN concentrations, based on the radiative
balance of the globe, is compared with that from anthropogenic CO2. It is
found that the former effect is stronger than the latter in middle and high
latitudes but not in the tropics.

IN-induced warming varies geographically, because it depends on two
factors: the radiative effect from doubling the IN concentration (or Fig. 2)
and the actual increase in IN concentration. Since global desertification and
industrialization provide clues on the geographic variation of the increase
in IN concentration since pre-industrial times, their effect on global warming
can be inferred and then be compared with observations. A general match
in geographic and seasonal variations between the inferred and observed
warming suggests that IN have contributed to about half of the global
warming over the past decades, ranging from about zero in the tropics
to around half in middle latitudes to most of the observed warming in the
northern Arctic. The increased IN leading to the warming comes mainly
from desertification in middle latitudes, whereas industrial emission and the

Upper-tropospheric ice content and top-of-the-
atmosphere (TOA) radiative flux versus IN
concentration over various geographic regions.
Modeled cloud ice content above 7.4 km (top)
and net downward radiative flux at the TOA
(bottom) vary with IN concentration. One line
corresponds to one field campaign. Red and
blue lines display the mid-latitudinal results in
spring and summer, respectively; green and
black lines display sub-tropical and tropical
results, respectively. Red labels correspond to
red lines.

Increase in radiative forcing from doubling the
current IN concentration versus latitude. All
of the results are obtained from the CRM
simulations over the ten field campaigns. Thick
and thin solid lines are introduced to fit the
results to spring and summer, respectively,
based on the TRMM observations. The dashed
line represents the increase in radiative forcing
from anthropogenic CO2. The vertical axis also
scales to the increase in surface temperature.
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increase in bare land area due to ice melting are the primary sources in the
northern Arctic.

In summary, doubling ice nuclei has a global-average effect of that from
doubling CO2. The global desertification and industrialization over the past
decades have led to an increase in IN concentrations that in turn have
contributed to around half of the observed global warming, especially
in middle and high latitudes. Hence, it is suggested that policy makers
take into account IN (e.g., IN sources due to global desertification and
industrialization) in determining safe levels of greenhouse gases in the
atmosphere after more quantitative research on IN observations and
modeling is done.
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